Given the long latency period of pancreatic cancer, exploring the influence of early and midlife exposures will further advance our understanding of the disease. We assessed associations between diet and pancreatic cancer incidence in the National Institutes of Health (NIH)-AARP (formerly American Association of Retired Persons) Diet and Health Study. In 1996, a total of 303,094 participants completed 2 food frequency questionnaires that assessed diet at ages 12-13 years and 10 years previously. We used Cox proportional hazards regression to estimate adjusted hazard ratios and 95% confidence intervals. Through the end of 2006, a total of 1,322 pancreatic cancer cases occurred (average follow up time = 10.1 years). When comparing the highest tertiles with the lowest, carbohydrate intake during adolescence (hazard ratio (HR) = 0.87, 95% confidence interval (CI): 0.76, 0.99), but not 10 years before baseline, was inversely associated with pancreatic cancer risk. Total fat intake 10 years before baseline was significantly associated with increased risk (HR = 1.17, 95% CI: 1.02, 1.34), while risk was higher for high fat intake during both adolescence and midlife. Calcium intake 10 years before baseline was associated with reduced risk (HR = 0.87, 95% CI: 0.76, 0.99), as was a change from low intake in adolescence to high intake in midlife (HR = 0.71, 95% CI: 0.54, 0.93). Our study found a number of dietary factors present during adolescence and midlife to be associated with pancreatic cancer.
In the United States, pancreatic cancer ranks as the fourth leading cause of cancer-related death and has a 5-year survival rate of 7.7% (1) . As a consequence of the demographic changes occurring within the US population, in relation to aging and racial groupings, one recent study projected that the number of pancreatic cancer deaths will surpass those caused by breast and colorectal cancer by the year 2030, to become the second leading cause of cancer-related death after lung cancer (2) . There are a number of modifiable risk factors for pancreatic cancer, such as cigarette smoking, alcohol consumption, excess body weight, and diabetes, and these may explain some of the variations in pancreatic cancer incidence within and between populations (3, 4) . Internationally, there are significant variations in incidence of pancreatic cancer, with 7-fold differences found between regions with the highest rates (countries in North America, Europe, and South America) and those with the lowest (countries in Asia and Africa) (5, 6) . Some of these differences may also be explained by differences in the monitoring, case ascertainment, and reporting of cancer between countries (7) .
Previous epidemiologic studies have explored the associations between adult diet and pancreatic cancer risk, with heterogeneous results. While the majority suggest that a diet high in red meat, fructose-containing foods and beverages, and foods containing saturated fat is associated with elevated risk (8) (9) (10) (11) (12) (13) (14) , a number of studies have not found such associations (14) (15) (16) (17) . At the same time, the role of diet in the development of this malignancy is likely to be complex, given the long latency period of the disease (18) . There may be 5-6 decades between a pancreatic cancer tumor-initiating mutation and cancer development (19) . This time frame suggests a need for research which seeks to understand the influence of lifestyle factors throughout the life course, including early-life exposures, on cancer risk. Furthermore, evidence suggests that increased early-adulthood body mass index (BMI; weight (kg)/height (m) 2 ) (20) (21) (22) and increased childhood BMI and growth may also affect the risk of pancreatic cancer later in life (14) .
Much of the existing literature concerning the relationship between early-life diet and adult cancer risk focuses on breast and colorectal cancer (23) (24) (25) (26) (27) (28) (29) , with results suggesting that red meat consumption and total fat intake are associated with an increased risk of breast cancer. Korde et al. (30) further found that soy consumption in childhood, and all through life, was associated with a reduced risk of breast cancer. Diet during adolescence and midlife may be associated with risks of thyroid (31) and colorectal (27) cancer, with a reduced risk of colorectal cancer appearing to be associated with childhood milk consumption (23, 32) . Despite the evidence suggesting that early-life diet may influence risk of cancer later in life, to our knowledge there are no studies that have examined early-life diet in relation to pancreatic cancer. In the present study, we examined the associations of diet in adolescence (at ages 12-13 years) and diet 10 years before baseline (at ages 40-61 years; midlife) with pancreatic cancer and the joint effects of both on risk of pancreatic cancer within a large US cohort, the National Institutes of Health (NIH)-AARP (formerly American Association of Retired Persons) Diet and Health Study cohort.
METHODS

Study population
The NIH-AARP Diet and Health Study is a prospective cohort study of men and women who were aged 50-71 years at recruitment. Cohort members were drawn from 6 US states (California, Florida, Louisiana, New Jersey, North Carolina, and Pennsylvania) and 2 metropolitan areas (Atlanta, Georgia, and Detroit, Michigan). The study has been previously described in detail (33) . Briefly, in 1995-1996, a total of 617,119 individuals completed and returned a self-administered baseline questionnaire that assessed demographic and lifestyle characteristics, including diet in the past 12 months (33) . Approximately 6 months after completion of the baseline questionnaire, cohort members were mailed a second questionnaire, the risk factor questionnaire (RFQ). The RFQ included abbreviated assessments of diet 10 years before (when subjects were between the ages of 40 years and 61 years) and diet at ages 12-13 years. The RFQ was completed and returned by 334,905 subjects. After exclusion of persons whose baseline questionnaire (n = 6,959) or RFQ (n = 3,424) had been completed by a proxy respondent (n = 10,383), persons diagnosed with cancer prior to returning the RFQ (n = 4,553), and persons in the extremes of energy intake (as defined by more than twice the interquartile range of the Box-Cox log-transformed scale for diet in the previous 12 months, at ages 12-13 years, or during the past 10 years), the final analytical cohort for the present study included 303,094 individuals (175,991 men and 127,103 women). The NIH-AARP Diet and Health Study was approved by the Special Studies Institutional Review Board of the National Cancer Institute.
Cohort follow-up and case ascertainment
Follow-up of the cohort for incident cancers and deaths is ongoing and is performed via periodic linkage of the cohort to the Social Security Administration Death Master File, the National Death Index, and state cancer registries. Changes of address are ascertained via the US Postal Service. Cancer registry linkage has expanded beyond the original 8 areas to include Arizona, Texas, and Nevada, states where cohort members have most commonly relocated during follow-up. Case ascertainment is estimated to be approximately 90% complete using this method (34) . For the present study, incident primary cases of adenocarcinoma of the exocrine pancreas were included (International Classification of Diseases for Oncology, Third Edition, codes C250-C259). Our case definition excluded pancreatic endocrine tumors, sarcomas, and lymphomas (histology types 8150, 8151, 8153, 8155, and 8240), since their etiology is considered different. Follow-up for the present study began on the date on which the RFQ was received and continued until censoring at the end of 2006 or until the participant moved out of one of the 10 state cancer registry areas, had a cancer diagnosis, or died, whichever came first.
Dietary assessment
The methods used to assess diet at ages 12-13 and 10 years before baseline in the present study have been previously described (27) . The RFQ included two 37-item food frequency questionnaires (FFQs); one referred to diet during adolescence (at ages 12-13 years) and one referred to diet in midlife (10 years previously) . In order to help the study participants orient themselves to the time period in question, the 2 FFQs included introductory statements citing landmark events that occurred during the relevant time period. The 37 food items included represent the major sources of fat, fiber, vitamin A, and vitamin C-the nutrients thought to be of most interest in carcinogenesis at the time. Participants were asked to indicate their usual frequency of consumption by choosing from 9 response categories ranging from "never" to "2 or more times per day." Portion sizes were not ascertained on the FFQs but were estimated using period-relevant databases from the US Department of Agriculture's 1965-1966 Household Food Consumption Survey, the 1999-2000 National Health and Nutrition Examination Survey (NHANES), the third NHANES (NHANES III), and previously described methods (27) . In order to assess change in diet from adolescence to midlife, we used the 2 abbreviated FFQs due to their comparability. participants (Table 1 ) and for determining the associations between adolescent and midlife diet and pancreatic cancer (Tables 2-4). We also used the Wilcoxon rank-sum test (for continuous variables) and the χ 2 test (for categorical variables) to test differences between the distributions of the characteristics (Table 1) . We categorized subjects into tertiles of intake for nutrients and food groups (tertile cutpoints for categories of nutrients are given in the Web Appendix, available at https://academic.oup.com/aje) in order to have consistent categories for the analyses of change in dietary intake (below); analyses using quintiles were also undertaken (Web Tables 1 and 2) , with the pattern of associations generally being consistent with that observed for tertiles. We used the density method to adjust nutrient variables for Abbreviations: CI, confidence interval; HR, hazard ratio; NIH, National Institutes of Health. a All nutrients were measured in g/day. Cutpoints for each of the nutrients are given in the Web Appendix. b HRs and 95% CIs were calculated using Cox proportional hazards regression models. The crude model adjusted for sex and energy intake using the density method for calories at ages 12-13 years or calories 10 years before baseline.
c Further adjusted for baseline smoking (never smoker, quit ≥10 years before, quit 5-9 years before, quit 1-4 years before, quit <1 year before, or current smoker; smoked ≤20 cigarettes/day or >20 cigarettes/day; and missing data), baseline body mass index (weight (kg)/height (m) 2 ; <18.5, 18.5-24.9, 25.0-29.9, 30.0-34.9, or ≥35.0, or missing data), and self-reported diabetes (no, yes).
d Linear trend test based on the median value of each tertile.
energy intake, and we included total energy intake in the model (35) . We performed trend tests using the median value of each quantile of consumption. Milk was the item most highly correlated with calcium intake during adolescence and 10 years before baseline (r = 0.91 and r = 0.88, respectively), while other food sources of calcium (i.e., cheese, ice cream, pizza, and broccoli) were weakly correlated (r ≤ 0.05). Therefore, milk was evaluated as the food item most highly correlated with calcium intake.
To assess change in diet over time, we divided subjects into tertiles of nutrients or food-group intake at each time point of interest, ages 12-13 years and 10 years before baseline. Persons in the lowest tertile of consumption were used as the reference group at both time points. We further categorized subjects into 3 other groups: highest tertile of intake at ages 12-13 years but lowest tertile of intake 10 years before baseline; lowest tertile of intake at ages 12-13 years but highest tertile of intake 10 years before baseline; and highest tertile of intake both at ages 12-13 years and 10 years before baseline.
Covariates for the multivariable models were included if they changed the hazard ratios for dietary variables by at least 10% or were established risk factors for pancreatic cancer. The final multivariable models included the following covariates: sex, caloric intake at the time point of interest (ages 12-13 years or 10 years before baseline), smoking (a compound variable that accounted for both smoking status and dose (never smoker, quit ≥10 years before, quit 5-9 years before, quit 1-4 years before, quit <1 year before, or current smoker; smoked ≤20 cigarettes/day or >20 cigarettes/day; and missing data)) (36), baseline BMI (both continuous and categorical), and diabetes. Red meat consumption and early-life BMI were also examined as potential confounders but did not change the hazard ratios by at least 10%. Other variables that were evaluated for inclusion in the multivariable models but were not kept are listed in Table 1 . We evaluated effect modification of the statistically significant (P ≤ 0.05) pancreatic cancer associations (age 12-13 years: carbohydrate intake; 10 years before baseline: total fat, calcium, and solid fat intake; change in intake: carbohydrate, total fat, calcium, and solid fat intake) by sex, BMI at baseline and at age 18 years (<25, ≥25), diabetes, and smoking (never, former, or current smoker) with stratified analyses. We tested for statistical significance of the interaction using cross-product terms composed of the categorical modifying variable and the median trend dietary variables or a score variable for each change in intake category. Cases with missing values were excluded from the analysis. Sensitivity analyses were performed that excluded cases and other participants who were censored during the first 3 years of follow-up.
RESULTS
During up to 10.2 years of follow-up (median, 10.1 years), a total of 1,322 cases of pancreatic adenocarcinoma were identified among the 303,094 eligible participants (838 (63.4%) were men and 484 (36.6%) were women) ( Table 1) . Pancreatic cancer cases were significantly older at enrollment and were more likely to be male, to report having been diagnosed with diabetes, and to report being current smokers compared with their cancer-free counterparts. Cases also reported higher daily intakes of total and saturated fat and greater alcohol use than cohort members who remained free of pancreatic cancer (Table 1) . Pancreatic cancer cases had a significantly different distribution of BMI compared with noncase cohort members, with cases more often being overweight or stage 1 obese. Cases and noncases were comparable with regard to marital status, race/ethnicity (approximately 93% were non-Hispanic white), and education. Table 2 shows the associations between energy and nutrient intakes at ages 12-13 years and 10 years before baseline and risk of pancreatic cancer. Comparing the highest tertile with the lowest, carbohydrate intake (g/1,000 kcal) at ages 12-13 years was inversely associated with risk of pancreatic cancer (hazard ratio (HR) = 0.87, 95% confidence interval (CI): 0.76, 0.99; P trend = 0.04), as was carbohydrate intake 10 years before baseline (HR = 0.89, 95% CI: 0.78-1.02; P trend = 0.08). Total fat intake (g/1,000 kcal) at ages 12-13 years was positively associated with risk, as was total fat intake 10 years before baseline. Calcium intake at ages 12-13 years was not significantly associated with pancreatic cancer risk (tertile 3 (T3) vs. tertile 1 (T1): HR = 1.03, 95% CI: 0.90, 1.18; P trend = 0.75); however, calcium intake 10 years before baseline was associated with reduced risk (T3 vs. T1: HR = 0.87, 95% CI: 0.76, 0.99; P trend = 0.03). Intakes of protein, fiber, vitamin A, and vitamin C were not significantly associated with pancreatic cancer either at ages 12-13 years or 10 years before baseline (all P's > 0.16).
Consumption of specific food groups was also examined in relation to pancreatic cancer (Table 3) . Red meat intake 10 years before baseline was associated with a nonsignificantly increased risk of pancreatic cancer (T3 vs. T1: HR = 1.16, 95% CI: 0.98, 1.29; P trend = 0.09). Consumption of solid fat (butter and margarine) 10 years before baseline was significantly associated with increased risk of pancreatic cancer (T3 vs. T1: HR = 1.22, 95% CI: 1.06, 1.41; P trend = 0.007). Intakes of grains, vegetables, fruit, milk, processed meat, and sweet baked goods 10 years before baseline were not significantly associated with pancreatic cancer risk. Similarly, there was no significant association with food groups consumed at ages 12-13 years and risk of incident pancreatic cancer (P's > 0.18). Additional adjustment of nutrient or food group intake for energy-adjusted total fat or calcium intake at each respective age did not substantially alter any of the risk estimates.
In order to assess how change in diet over time affects the associations between diet and pancreatic cancer, we examined the combination of tertile of intake at ages 12-13 years and tertile of intake 10 years before baseline (Table 4) . Subjects with a high (T3) total fat intake both at ages 12-13 years and 10 years before baseline had a significantly increased (37%) risk of pancreatic cancer compared with those with the lowest total fat intake (T1) at both time points (HR = 1.37, 95% CI: 1.12, 1.67). High intake (T3) of solid fat both at ages 12-13 and 10 years before baseline was significantly associated with increased risk of pancreatic cancer. Compared with participants who reported low consumption (T1) of solid fat at both times, those with high intake had an approximately 30% increase in risk (HR = 1.33, 95% CI: 1.09, 1.61) ( Table 4) . Subjects who had a low intake (T1) of calcium at ages 12-13 years but a high (T3) intake of calcium 10 years before baseline had a statistically significant reduction Abbreviations: CI, confidence interval; HR, hazard ratio; NIH, National Institutes of Health. a All nutrients were measured in g/day. Cutpoints for each of the nutrients are given in the Web Appendix. b HRs and 95% CIs were calculated using Cox proportional hazards regression models. The crude model adjusted for sex and energy intake using the density method for calories at ages 12-13 years or calories 10 years before baseline.
c Further adjusted for baseline smoking (never smoker, quit ≥10 years before, quit 5-9 years before, quit 1-4 years before, quit <1 year before, or current smoker; smoked ≤20 cigarettes/day or >20 cigarettes/day; and missing data), baseline body mass index (<18.5, 18.5-24.9, 25.0-29.9, 30.0-34.9, or ≥35.0, or missing data), and self-reported diabetes (no, yes Abbreviations: CI, confidence interval; HR, hazard ratio; NIH, National Institutes of Health. a A combination of tertiles of intake at ages 12-13 years and 10 years before baseline (midlife) was examined. Lowest/lowest = lowest tertile at both time points; highest/lowest = highest tertile at ages 12-13 years and lowest tertile in midlife; lowest/highest = lowest tertile at ages 12-13 years and highest tertile in midlife; highest/highest = highest tertile at both time points.
b All nutrients were measured in g/day. Cutpoints for each of the nutrients are given in the Web Appendix. c HRs and 95% CIs were calculated using Cox proportional hazards regression models. The crude model adjusted for sex and energy intake using the density method for calories at ages 12-13 years or calories 10 years before baseline.
d Further adjusted for baseline smoking (never smoker, quit ≥10 years before, quit 5-9 years before, quit 1-4 years before, quit <1 year before, or current smoker; smoked ≤20 cigarettes/day or >20 cigarettes/day; and missing data), baseline body mass index (<18.5, 18.5-24.9, 25.0-29.9, 30.0-34.9, or ≥35.0, or missing data), and self-reported diabetes (no, yes).
e Vegetables: broccoli, carrots, baked beans, lettuce salads, fresh tomato or vegetable soup, and other vegetables, including corn, peas, and green beans.
f Fruit: fresh apples (uncooked), orange or grapefruit juice, oranges, grapefruit, tangerines, and canned fruit (e.g., peaches, pears, and applesauce). There were significant interactions for the associations between total fat intake in adolescence and midlife and pancreatic cancer by baseline BMI (P-interaction < 0.03), such that stronger, positive associations were observed among participants with BMI greater than 25.0 while no association was observed among participants with normal baseline BMI (Web Table 3 ). The association between change in calcium intake and pancreatic cancer was also significantly modified by smoking (P-interaction = 0.005), such that inverse associations with greater calcium intake were observed among former and recent smokers but not among never smokers.
DISCUSSION
To our knowledge, this is the first study to have examined the roles of both adolescent diet and midlife diet in the risk of incident pancreatic cancer. Our results suggest that both influence the development of the disease. Within our results, carbohydrate intake during adolescence and calcium intake 10 years before baseline were associated with a significant reduction in risk of pancreatic cancer, while total fat intake at both times and intake of butter and margarine in midlife were associated with significantly increased risk. The observed associations had significant P values for linear trend, suggesting that the associations observed were dose-dependent. There also appeared to be differences in risk when intakes at both time points were considered together. These results suggest that intake of dietary nutrients and food groups over the life course, rather than at one specific time point, may play an important role in the etiology of pancreatic cancer.
Studies that have examined diet in relation to pancreatic cancer have focused on adult diet, with mixed results. The World Cancer Research Fund and the American Institute for Cancer Research concluded that there was limited evidence to demonstrate an association between consumption of red and processed meat and foods containing saturated fatty acids and pancreatic cancer (14) . While a recent meta-analysis, as well as the majority of prospective studies, found no association between carbohydrate intake and risk of pancreatic cancer (37) , the inverse association with early-life diet observed in the present study is in line with the results of the AlphaTocopherol, Beta-Carotene (ATBC) Cancer Prevention Study, which found that male smokers in the highest quintile of carbohydrate intake were at a 38% reduced risk compared with those in the lowest quintile (38, 39) . Because carbohydrate and total fat are both macronutrients that are inversely related to one another, it is possible that the inverse association for carbohydrate intake might be explained by total fat. The fact that we used substitution models (i.e., adjusting for total energy intake (kcal/day)) for examining these associations makes this less likely. Residual confounding in the present study due to correlates of carbohydrate intake cannot be ruled out, while different sources of carbohydrate in food in our population may have also contributed to the inverse association observed in the present study; as such, the results should be interpreted with caution.
Despite our results being suggestive of a positive association between fat intake and pancreatic cancer, overall the evidence from the literature is inconclusive (14) . Previously within the NIH-AARP Diet and Health Study, baseline intake of total fat was associated with a 23% increased risk of pancreatic cancer, with fat from dairy products being associated with an almost 20% increased risk (40) . Similarly, evidence from the ATBC Study suggested an increased risk of pancreatic cancer associated with total and saturated fat intake (39) . Two other prospective studies demonstrated no evidence of such an association (41, 42)-although, in one of the studies, when food sources of fat were examined, total fat and saturated fat from meats were positively associated with pancreatic cancer (42) .
The biological plausibility of an association between diet and pancreatic cancer has been explored within animal models. Such results suggest the tumor-promoting role of dietary fat/fatty acids (43), increased pancreatic enzyme secretion (44) , saturated fats linked to insulin resistance (45, 46) , and diabetes/insulin resistance being related to increased risk of cancer (47) (48) (49) . Such results support our observed increased risk of pancreatic cancer in subjects who were in the highest tertiles of fat and saturated fat consumption in both adolescence and midlife.
An unexpected result in the present study was the inverse association between calcium intake during midlife and pancreatic cancer; previous studies of adult calcium intake and pancreatic cancer have produced mostly nonsignificant results (14, (50) (51) (52) . Among prospective studies, investigators in the ATBC Cancer Prevention Study (39) , the NIH-AARP Diet and Health Study (50) , the Nurses' Health Study (52) , the Health Professionals Follow-up Study (52) , and a pooled analysis of 14 cohorts (53) found no association between dietary calcium and pancreatic cancer, while in a case-control study, Zablotska et al. (51) observed a significant positive association among men but not among women. Laboratory studies suggest that calcium may have direct growth-restraining and apoptosis-inducing action on normal and tumor cells (54, 55) , although calcium has also been found to be implicated in pancreatic inflammation (56) (57) (58) . Milk was the primary source of calcium in our population, and we observed a suggestive inverse association between midlife milk intake and pancreatic cancer.
In the present study, we found a nonsignificant association between red meat intake in midlife and risk of pancreatic cancer but did not find an association with processed meats. Furthermore, we did not observe an association for the joint effects of having high meat intake during both early life and middle age. Results of previous studies have been heterogeneous and are suggestive of the need for further research (36, 41, 42, 59) . In a summary review of meta-analyses, Maisonneuve et al. (60) consequently found inconsistent results in this regard.
Our study had strengths as well as limitations. Strengths of our study were the ability to examine diet throughout the life course, adolescent diet in conjunction with midlife diet, and changes in diet between the 2 time periods in association with pancreatic cancer risk later on in life. The large prospective nature of the cohort study, as well as the availability of data on diet during adolescence and midlife that were collected prior to disease development, reduced the influence of differential biases by case status and reverse causation. However, there may have been differential bias of recalled dietary intake by baseline BMI, which might explain the stronger associations for recalled fat intake among participants who had baseline BMI greater than 25. Alternatively, although we controlled for baseline BMI in these analyses, it is possible that these associations might be explained by residual confounding by reported BMI. The 37 food items included in the abbreviated FFQs were chosen due to their major contributions to sources of fat, vitamin A, and vitamin C. The assessment of early-life and midlife diet was limited, however, because portion size was not queried about and participants retrospectively recalled their diets. This may have caused misclassification and inaccurate risk estimates within our results due to measurement error. The use of period-relevant nutritional databases to estimate serving size and nutrient information linked to the abbreviated FFQs will have increased accuracy in this regard. Previous studies have also shown recall of past diet to be a reliable measurement tool (61, 62) .
Developing an understanding of the temporal nature of pancreatic cancer has the potential to further our understanding of a disease with the worst mortality of any site-specific neoplasmanalysis of recent US data found 5-year survival of 6.9% (63)-and may facilitate the development of methods to assess disease risk and timely medical interventions (19) . Using the time windows of diet during adolescence and diet at midlife, as our study has, further enables an assessment of the association of each of these dietary factors (individually and in combination) with pancreatic cancer risk (64) .
In conclusion, the results of our study indicate that diet at ages 12-13 years and at ages 40-61 years is associated with risk of developing pancreatic cancer later in life. This finding is suggestive of diet's playing a significant role, over the entire life course, in the risk of developing pancreatic cancer. Given the poor prognosis associated with pancreatic cancer, primary prevention is essential to reducing the morbidity and mortality associated with this malignancy. Understanding how diet throughout the life course affects risk of pancreatic cancer later in life provides an opportunity to modify risk. Further research, ideally with diet measured during childhood, is necessary to replicate the results of our current study.
